The purpose of the present study was to investigate the roles of caspase 1 and extracellular signal-regulated kinase (ERK) in inflammation-induced inhibition of lacrimal gland secretion. METHODS. Lacrimal gland inflammation was induced by injection of lipopolysaccharide (LPS; to study the role of caspase 1) or IL-1␤ (to study the role of ERK). Lacrimal gland protein secretion was measured using a spectrofluorometric assay. Caspase 1 and ERK activities in the lacrimal gland were measured by immunohistochemistry, Western blotting, or both. Aqueous tear production was measured using phenol redimpregnated cotton threads. RESULTS. Injection of LPS into the lacrimal gland inhibited neurally and adrenergic agonist-induced protein secretion by 77% and 54%, respectively, and activated caspase 1. The degree of inhibition achieved by LPS was similar to that obtained with injection of IL-1␤. Inhibition of caspase 1 alleviated the inhibitory effect of LPS on lacrimal gland secretion. IL-1␤ activated ERK in the lacrimal gland in vitro and in vivo, and this effect was blocked by UO126, an inhibitor of MEK, the ERK-activating enzyme. IL-1␤ injection into the lacrimal gland inhibited aqueous tear production by 52% and inhibited neurally and adrenergic agonist-induced protein secretion by 80% and 55%, respectively. UO126 alleviated the inhibitory effect of IL-1␤ on aqueous tear production and lacrimal gland protein secretion. CONCLUSIONS. LPS inhibits lacrimal gland secretion by activating caspase 1, and IL-1␤ activates the ERK pathway to inhibit lacrimal gland protein secretion and aqueous tear production.
S jögren syndrome, a systemic inflammatory autoimmune disease, is the leading cause of the aqueous tear-deficient type of dry eye. 1, 2 Sjögren syndrome may be a primary disorder (primary Sjögren syndrome), or it may be associated with other autoimmune diseases (secondary Sjögren syndrome) such as rheumatoid arthritis (RA), systemic lupus erythematosus (SLE), and systemic sclerosis. Lacrimal gland inflammation is also common in other autoimmune diseases such as diabetes, thyroid disease, and sarcoidosis. 3 Other examples of pathologic conditions resulting in lacrimal gland inflammation (for a review, see Zoukhri 3 ) include chronic graft-versus-host disease (cGVHD), acquired immunodeficiency syndrome, hepatitis C, and aging. Increased production of autoantibodies and proinflammatory cytokines, both of which are believed to interfere with tear production, are common in inflammatory disease of the lacrimal gland.
Our previous research showed that IL-1 plays a major role in impairing lacrimal gland secretion. 4 IL-1 is a potent proinflammatory cytokine and consists of two isoforms, ␣ and ␤, and a specific receptor antagonist, IL-1ra. 5, 6 Both IL-1␣ and IL-1␤ are synthesized as 31-kDa precursors without leader sequence. 5, 6 In contrast to IL-1␣, IL-1␤ is only active in its secreted mature form (17.5 kDa). The IL-1␤-converting enzyme (ICE), better known as caspase 1, cleaves the precursor protein at Asp116 to generate the mature active form of IL-1␤. 5, 6 Caspase 1 is also synthesized as an inactive 45-kDa precursor, consisting of p20 and p10 subunits, and is proteolytically cleaved to generate an active enzyme comprising the p20 and p10 polypeptides. 5, 6 Various microbial agents such as lipopolysaccharide (LPS) are known to induce the activation of caspase 1. [7] [8] [9] A study by Hirai et al. 10 showed that injection of LPS into the lacrimal gland induced an inflammatory response that started 9 hours after injection and became severe at 24 hours. Because LPS is known to activate caspase 1, [7] [8] [9] we hypothesized that LPS injection will inhibit lacrimal gland secretion by inducing the production of IL-1␤ through the activation of caspase 1. To test this hypothesis, the effect of LPS on lacrimal gland secretion and caspase 1 activity was investigated, as was the effect of a caspase 1 inhibitor.
IL-1 has two receptors, a signaling receptor named IL-1RI and a decoy receptor named IL-1 RII that does not signal. 5 Activation of the IL-1RI triggers a signaling cascade leading to the transcription of several genes involved in acute and chronic inflammation and connective tissue diseases. 6 The effect of IL-1 on gene transcription can be mediated by the activation of one or more members of the mitogen-activated protein kinases (MAPK) family. [11] [12] [13] In mammalian systems, at least six independent MAPK signaling units appear to function. 14, 15 Among them, the biochemical properties of three MAPKs, the extracellular signal-regulated kinases (ERK1/2), the c-Jun NH 2 -terminal kinases (JNK1/2), and the p38 MAPKs, have been characterized in some detail. 14, 15 Once ERK, JNK, and p38 MAPK are activated, they lead to the activation of two major transcription factors, activator protein 1 (AP-1) and nuclear factor-B (NF-B). 14, 15 In a recent study, we showed that JNK inhibition activated by exogenous addition of IL-1␤ alleviated the inhibitory effect exerted by this cytokine on lacrimal gland secretion and restored tear production in a murine model of aqueous tear-deficient dry eye. 16 Hence, a second purpose of the present study was to investigate whether ERK signaling is involved in IL-1␤-induced inhibition of lacrimal gland secretion.
MATERIALS AND METHODS

Chemicals and Antibodies
Recombinant human IL-1␤ was a generous gift from Craig W. Reynolds (Biological Resources Branch, National Cancer Institute Preclinical Repository, Rockville, MD). Phenylephrine, hydrogen peroxide, bacterial LPS, and a monoclonal antibody against ␤-actin were from Sigma (St. Louis, MO). Reagent (Amplex Red) was from Molecular Probes (Eugene, OR). Polyclonal antibodies against phosphorylated ERK and JNK and UO126, a dual MEK1/MEK2 inhibitor, were from Cell Signaling Technology (Danvers, MA). Polyclonal antibodies against total ERK were from Cell Signaling Technology or Santa Cruz Biotechnology (Santa Cruz, CA). A polyclonal antibody against the p10 fragment of ICE was from Santa Cruz Biotechnology.
Animals and Treatment
Female BALB/c mice (10 -12 weeks old) were purchased from Taconic (Germantown, NY). Animals were maintained in rooms at constant temperature with fixed 12-hour light/12-hour dark intervals and were fed ad libitum. All experiments were conducted in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research and were approved by the Tufts-New England Medical Center Animal Care and Use Committee.
Animals were anesthetized with a mixture of ketamine (60 mg/kg) and xylazine (12 mg/kg), given intraperitoneally. The fur between the ears and the cheeks (where the exorbital lacrimal gland is located) was shaved and cleaned with betadine (10% solution), and a small incision (Ͻ1 cm) was made. After the lacrimal glands were located, they were left untreated (control) or were injected with saline (vehicle), rhIL-1␤ (1 g), or LPS (25 g) in a total volume of 2 L. After injection, the wound was closed using surgical glue. A local anesthetic (proparacaine, 0.5%) plus triple antibiotic ointment (bacitracin ophthalmic ointment, 3.5 g) was applied topically to minimize pain and scratching. Additionally, buprenorphine was given subcutaneously (0.05-0.1 mg/ kg). The entire surgical procedure lasted between 15 and 20 minutes Twenty-four hours after injection, animals were humanely killed by CO 2 inhalation; cervical dislocation followed, and the lacrimal glands were removed. Lobules were then prepared and used to measure protein secretion or were processed for Western blotting and immunohistochemistry, as described below.
Measurement of Peroxidase Secretion
Peroxidase secretion was measured as previously described. 3, 17 Lacrimal glands were cut into small lobules (approximately 2 mm diameter), placed in cell strainers, and incubated at 37°C in Krebs-Ringer bicarbonate buffer (KRB; containing 120 mM NaCl, 5 mM KCl, 1 mM CaCl 2 , 1.2 mM MgSO 4 , 1.2 mM KH 2 PO 4 , and 25 mM NaHCO 3 ) supplemented with 10 mM HEPES and 5.5 mM glucose (pH 7.4). Cell strainers containing lobules were transferred into fresh KRB solution every 20 minutes for a total of 60 minutes The lobules were incubated for 20 minutes in a total volume of 0.8 mL in normal KRB (referred to as spontaneous secretion), then in depolarizing KRB (evoked secretion) solution, where the concentration of KCl was increased to 75 mM and that of NaCl was decreased to 50 mM to maintain isotonicity. Lacrimal gland lobules were further incubated for 20 minutes in 0.8 mL normal KRB containing phenylephrine (an ␣ 1 -adrenergic agonist; 10 Ϫ4 M).
After incubation, the lobules were homogenized in 10 mM Tris-HCl (pH 7.5). The amount of peroxidase in the media and tissue homogenate was determined using reagent (Amplex Red; Invitrogen, Carlsbad, CA). For the measurement of peroxidase, 0.1 mL media and 0.01 mL tissue homogenate were spotted in duplicate onto 96-well microplates.
To each well was added 0.1 mL assay buffer (50 mM Tris-HCl, pH 7.5) containing 0.2 M reagent (Amplex Red; Invitrogen) and 0.2 M hydrogen peroxide. After incubation, fluorescence was determined in a fluorescence microplate reader using 530 nm excitation wavelength and 590 nm emission wavelength. The amount of secreted peroxidase was expressed as a percentage of the total: [peroxidase in media/ (peroxidase in media ϩ peroxidase in tissue)] ϫ 100.
Immunohistochemistry
Lacrimal glands pieces were fixed overnight at 4°C in 4% formaldehyde made in phosphate-buffered saline (PBS; containing 145 mM NaCl, 7.3 mM Na 2 HPO 4 , and 2.7 mM NaH 2 PO 4 at pH 7.2). After cryopreservation overnight in 30% sucrose in PBS, the tissue was frozen in optimum cutting temperature embedding medium. Cryostat sections (6 m) were placed on gelatin-coated slides and dried overnight at 37°C. Sections were incubated for 30 minutes at room temperature in PBS containing 1% bovine serum albumin (BSA) and 0.1% Triton X-100. After blocking for 30 minutes in 5% donkey serum and 1% BSA in PBS, sections were incubated overnight at 4°C with the primary antibody diluted in PBS containing 1% BSA. A secondary antibody conjugated to FITC (1:100 in PBS ϩ 1% BSA) was applied for 30 minutes at room temperature. Coverslips were mounted with a mounting medium (Vectashield; Vector Laboratories, Burlingame, CA). Sections were viewed under a microscope (UFXII; Nikon, Tokyo, Japan) equipped for epi-illumination. Negative control experiments were performed by omitting the primary antibody.
Western Blotting
Total amount of protein in the cell lysate was determined using the method of Bradford, and equal amounts of protein (20 g) were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE; 4%-15% gradient gels) and transferred to nitrocellulose membranes. The membranes were first blotted with polyclonal antibodies against phosphorylated (active) ERK or JNK (1:1000 dilution). After removal of the antibodies by incubation of the membranes for 40 minutes at 50°C in stripping buffer (62.5 mM Tris-HCl [pH 6.8], 2% SDS, 100 mM ␤-mercaptoethanol), the membranes were blotted with nondiscriminatory polyclonal antibodies that recognized the whole pools of these enzymes (all at 1:1000 dilution) or a monoclonal antibody against ␤-actin (1:5000; Sigma). Immunoreactive bands were visualized using the enhanced chemiluminescence method and were quantitated using National Institutes of Health ImageJ software (developed by Wayne Rasband, National Institutes of Health, Bethesda, MD; available at http://rsb.info.nih.gov/ij/index.html). The amount of phosphorylated ERK was normalized to that of total ERK (or ␤-actin) to control for gel loading and transfer efficiency.
Measurement of Aqueous Tear Production
Tear production was measured on anesthetized mice using phenol red-impregnated cotton threads (Zone-Quick; Lacrimedics, Eastsound, WA), as previously described. 16 The threads were held with jeweler forceps and applied to the ocular surface, on both eyes, in the lateral canthus for 10 seconds. Wetting of the thread (which turns red in contact with tears) was measured in millimeters under a dissecting microscope.
Data Presentation and Statistical Analysis
Data are expressed as mean Ϯ SEM and were statistically analyzed using one-or two-way analysis of variance (ANOVA) followed by post hoc t-test. P Ͻ 0.05 was considered significant.
RESULTS
Effect of LPS Lacrimal Gland Protein Secretion and Caspase 1 Activity
Injection of LPS into the lacrimal gland resulted in significant inhibition of KCl-and phenylephrine-induced peroxidase secretion by 80% and 60%, respectively. Interestingly, the degree of inhibition of lacrimal gland secretion induced by LPS was comparable to that induced by IL-1␤ (Fig. 1) , suggesting that
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the effect of LPS on lacrimal gland secretion might be mediated through caspase 1-induced production of IL-1␤. [7] [8] [9] To test this hypothesis, lacrimal glands removed from control animals and saline-and LPS-injected mice were processed for immunohistochemistry using an antibody that specifically recognizes the cleaved (active) p10 fragment of caspase 1. Caspase 1 immunoreactivity was scarce in control and salineinjected lacrimal glands (Fig. 2) . The arrows in Figure 2 indicate caspase 1 immunoreactivity associated with two resident plasma cells. In contrast, strong caspase 1 immunoreactivity was detected in LPS-injected lacrimal glands (Fig. 2) . Omission of the primary antibody resulted in a loss of immunoreactivity (Fig. 2, Negative) . These results suggested that LPS-induced inflammation in the lacrimal gland is accompanied by activation of caspase 1, which would result in increased production of IL-1␤.
To further investigate the role of caspase 1, we tested the effect of a Z-YVAD-FMK, an inhibitor of caspase 1, on LPSinduced inhibition of lacrimal gland protein secretion. Injection of LPS inhibited KCl-and phenylephrine-induced lacrimal gland secretion by 77% and 54%, respectively (Fig. 3) . Z-YVAD-FMK significantly alleviated the inhibitory effect of LPS on KCland phenylephrine-induced protein secretion by 64% and 34%, respectively (Fig. 3) . These results suggest that caspase 1, and indirectly IL-1␤, plays a central role in inflammation-induced inhibition of lacrimal gland secretion.
Effect of IL-1␤ on ERK Activity In Vitro
We showed in a recent study that concomitant with IL-1␤-induced inhibition of lacrimal gland secretion, JNK activity was Twenty-four hours later, lacrimal glands were removed, and lobules were prepared and processed for peroxidase secretion experiments. Lobules were incubated for 20 minutes each in normal KRB buffer (spontaneous), in depolarizing KRB (evoked) solution in which the concentration of KCl was increased to 75 mM, and then in KRB containing phenylephrine (an ␣ 1D -adrenergic agonist; 10 Ϫ4 M). After incubation, the amount of peroxidase in the media and tissue homogenate was determined using reagent. Data are the mean Ϯ SEM from three to six independent experiments. *Statistically significant difference from spontaneous secretion. # Statistically significant difference from LPS or IL-1␤.
FIGURE 2.
Effect of LPS on caspase 1 activity. Female BALB/c mice were anesthetized, and their exorbital lacrimal glands were left untreated (control) or were injected with saline (vehicle, control) or LPS (25 g). Lacrimal glands were removed 24 hours after injection, fixed, and processed for immunocytochemistry using a rabbit polyclonal antibody against the p10 subunit of caspase 1. Results depicted in the images were replicated at least three times on lacrimal glands from separate animals. Scale bar, 50 m. 1 mg) . Twenty-four hours later, the mice received second subcutaneous injections of Z-YVAD-FMK (or vehicle) followed by injection (2 L) of LPS (25 g) or saline (vehicle for LPS) into the exorbital lacrimal glands. Twenty-four hours later, lacrimal glands were removed and lobules were prepared to measure protein secretion. Data are the mean Ϯ SEM from three independent experiments. *Statistically significant difference from spontaneous secretion.
# Statistically significant difference from LPS ϩ vehicle.
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IOVS, October 2008, Vol. 49, No. 10 increased and JNK inhibition alleviated the inhibitory effect of IL-1␤ and restored aqueous tear production in a murine model of aqueous-deficient dry eye. 16 We hypothesized that IL-1␤ activates the ERK signaling pathway to inhibit lacrimal gland secretion and aqueous tear production. In a first series of experiments, we tested the effects of IL-1␤ on ERK activity in an in vitro assay in which lacrimal gland lobules were incubated in the presence or absence of IL-1␤ for 1 to 120 minutes. IL-1␤ induced a time-dependent activation of p42ERK and p44ERK with a maximum 3.0-fold at 10 minutes (Fig. 4) . ERK activity declined with time and returned to basal level between 60 and 120 minutes. These results show that IL-1␤ activated p42ERK and p44ERK in the lacrimal gland in a time-dependent manner.
Effect of IL-1␤ on ERK Activity In Vivo
In a second series of experiments, we tested the effect of IL-1␤ on ERK in an in vivo setting in which the cytokine or saline was injected directly into the lacrimal glands of female BALB/c mice. Another set of animals whose lacrimal glands were untouched served as controls. Compared with control and salineinjected animals, the amount of phosphorylated p42ERK was increased 4.8-fold and that of p44ERK was increased 5.4-fold in IL-1␤-injected lacrimal glands (Fig. 5A) .
Because the lacrimal gland is composed of several cell types-acini, duct, nerve, myoepithelial, mast, and plasma-it was important to determine the cell type in which IL-1 induced its effects. To that purpose, we performed immunohistochemical studies. Phospho-ERK immunoreactivity was scarce in control and saline-injected lacrimal glands (Fig. 5B) . In contrast, strong immunoreactivity for phospho-ERK was detected in cell nuclei of IL-1-injected lacrimal glands (Fig. 5B) . Phospho-ERK immunoreactivity seems to be detected only in the infiltrating immune cells. Omission of the primary antibody led to a loss of immunoreactivity (Fig. 5B) . These results show that injection of IL-1␤ into the lacrimal gland activated p42ERK and p44ERK isoforms.
Effect of UO126 on IL-1-Induced Inhibition of Lacrimal Gland Secretion
In a recent study, we showed that JNK activation played an important role in IL-1-induced inhibition of lacrimal gland secretion. The data presented thus far suggest that ERK activity might also be implicated in IL-1-induced inhibition of lacrimal gland secretion. To test this hypothesis, we used UO126, an inhibitor of MEK (the kinase upstream of ERK). In a first series of experiments, we determined the efficiency of this inhibitor, in vitro, on IL-1␤-induced activation of ERK. As control for the specificity of UO126, the activity of JNK was also analyzed by Western blotting. UO126 inhibited ERK activity in a concentration-dependent manner with maximum or 100% inhibition achieved at 10 M (Fig. 6) . In contrast, JNK activity was not affected by UO126 at all the concentrations tested (Fig. 6) .
In another series of experiments, we tested the effect of UO126 in vivo (2 mg, as described by Li et al. 18 ) on IL-1␤-induced inhibition of lacrimal gland secretion. As shown in Figure 7A and in accordance with our previous studies, 19 compared with saline-treated animals, aqueous tear production was inhibited 52% after injection of IL-1␤ into vehicle-treated animals. Data analysis using one-way ANOVA showed a statistically significant difference among the three groups (P ϭ 0.03). The post hoc t-test found a statistically significant difference between IL-1 ϩ vehicle and control (showing inhibition of tear production by IL-1; P ϭ 0.029) and IL-1 ϩ vehicle and IL-1 ϩ UO126 (showing reversal of IL-1-induced inhibition of tear production by subcutaneous treatment with UO126; P ϭ 0.026; Fig. 7A ). These results suggest that UO126 reversed the inhibitory effect of IL-1␤ on lacrimal gland secretion. This hypothesis was directly tested using lobules prepared from vehicle-or UO126-treated animals. As shown in Figure 7B and in agreement with our published findings, 4, 16, 19 IL-1␤ inhibited KCl-and phenylephrine-induced protein secretion by 80% and 55%, respectively. Importantly, although UO126 only partially alleviated the inhibitory effect of IL-1␤ on KCl-induced protein secretion, it completely alleviated the inhibitory effect of IL-1␤ on phenylephrine-induced protein secretion (Fig. 7B) . These results show that ERK inhibition with UO126 alleviated the inhibitory effect of IL-1␤ on aqueous tear production and lacrimal gland protein secretion.
DISCUSSION
In previous reports we showed that the injection of IL-1 (␣ or ␤) into murine exorbital lacrimal glands led to a severe inflammatory response and impaired protein secretion in response to FIGURE 4. Kinetics of IL-1␤-induced activation of ERK in the lacrimal gland. Lacrimal gland lobules were incubated in the presence or absence of IL-1␤ (10 ng/mL) for 0 to 120 minutes and were homogenized, and the proteins in the cell lysate were separated by SDS-PAGE followed by Western blotting using an antibody against phosphorylated ERK or an antibody against the whole pool of ERK. Data are the mean Ϯ SEM of three independent experiments. *Statistically significant difference from control.
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nerve and exogenous agonist stimulation. 4, 16, 19 In a recent study, we showed that concomitant with IL-1␤-induced inhibition of lacrimal gland secretion, JNK activity was increased and JNK inhibition alleviated the inhibitory effect of IL-1␤ and restored aqueous tear production in a murine model of aqueous-deficient dry eye. 16 In the present study, we present evidence suggesting that IL-1␤ plays a pivotal role in inflammation-induced impairment of lacrimal gland secretion because we found that LPS-induced inhibition of lacrimal gland secretion was significantly alleviated when caspase 1 activity was inhibited. We also present evidence showing that the ERK signaling pathway is activated by IL-1␤ to inhibit lacrimal gland secretion and to diminish aqueous tear production.
LPS-induced inflammation of the lacrimal gland was previously described and was shown to induce the leakage of aquaporin 5 into tears. 10 Our data show that LPS injection inhibited neurally induced and agonist-induced lacrimal gland secretion concomitant with the activation of caspase 1. Furthermore, we show that the degree of inhibition induced by LPS was similar to that induced by IL-1␤ and that the effect of LPS was significantly inhibited by a caspase 1 inhibitor. Together, these data suggest that the effect of LPS on lacrimal gland secretion is largely mediated through caspase 1-induced production of IL-1␤.
Activation of caspase 1 by LPS to increase IL-1␤ production is well documented and has been associated with several inflammatory diseases. 7-9,20 -23 Furthermore, caspase 1-deficient mice were shown to have a major defect in the production of mature IL-1␤ production on LPS stimulation and were resistant to LPS-induced endotoxic shock. 24, 25 Consequently, strategies aimed at reducing IL-1␤ levels based on the inhibition of caspase 1 activity have been established, and some caspase 1 inhibitors are being tested in clinical trials. 26 -30 The role of the MAPK signaling pathways in ocular surface inflammation and dry eye has been recently documented. [31] [32] [33] It was shown that all three MAPK pathways are activated in response to inflammatory triggers, including high osmolarity (1 g). Lacrimal gland lobules were removed 24 hours after injection and were homogenized or fixed in 4% buffered formaldehyde. (A) Proteins in the cell lysate separated by SDS-PAGE followed by Western blotting using an antibody against phosphorylated ERK or an antibody against the whole pool of ERK. Data in the plot are the mean Ϯ SEM from three independent experiments. *Statistically significant difference from control and saline. (B) Lacrimal gland sections were processed for immunofluorescence studies using an antibody against phosphorylated ERK. Results depicted in the images were replicated on lacrimal glands from at least three separate animals. Scale bar, 50 m. Lobules were then incubated with or without IL-1␤ (10 ng/mL) for 10 minutes (C, control). After incubation, the lobules were homogenized, and the proteins in the homogenate were separated by SDS-PAGE followed by Western blotting. Data in the plot are the mean Ϯ SEM from three independent experiments. *Statistically significant difference from IL-1␤. and desiccating stress. 32, 33 Furthermore, activation of the MAPK pathway has been linked to production of the inflammatory cytokines IL-1␤ and TNF␣ and of matrix metalloproteinase 9 (MMP9) by ocular surface epithelia and their secretion into tears. [31] [32] [33] Our findings that the inhibition of JNK 16 or ERK (present study) alleviated the inhibitory effect of IL-1 on lacrimal gland secretion and restored tear production suggest that these pathways are redundant. This is in line with findings from the study by Li et al., 33 in which it was shown that the inhibition of JNK or ERK activity resulted in diminished production of IL-1␤, TNF␣, and MMP9 by the ocular surface. It is well documented that intracellular signaling in general and the MAPK pathway in particular are often redundant in eukaryotic cells, with one agonist activating multiple intracellular effectors. 34, 35 Consequently, inhibition of either of these activated signaling pathways would theoretically abrogate the measured biological response. 35 Because of the redundancy in signaling and the lack of selectivity of the available chemical inhibitors, however, it is often necessary to inhibit more than one pathway to completely terminate a given biological response, especially in pathologic conditions. Nevertheless our data are in line with those published and suggest that strategies to inhibit or modulate the MAPK signaling pathway to alleviate dry eye syndromes caused by ocular surface inflammation are a viable option. 16, [31] [32] [33] Investigating the effect of direct delivery of such inhibitors to the lacrimal gland, however, to minimize potential side effects on other systems is warranted.
In summary, our results show that the inhibition of caspase 1 activity alleviates LPS-induced inhibition of lacrimal gland secretion. They also show that inhibition of IL-1-induced activation of ERK signaling alleviates IL-1␤-induced aqueous tear deficiency and inhibition of lacrimal gland secretion. It remains to be tested whether the inhibition of caspase 1 or of ERK would restore normal tear production in animal models of aqueous tear-deficient dry eye. FIGURE 7. Effect of UO126 on IL-1␤-induced inhibition of lacrimal gland secretion. Animals were left untreated or received subcutaneous injections of vehicle or UO126 (2 mg). Twenty-four hours after injection of saline or IL-1␤ (1 g), the lacrimal glands were removed, and lobules were prepared and used to measure protein secretion. Immediately before kill, animals were lightly anesthetized, and aqueous tear production was measured. (A) Aqueous tear production was measured using phenol red-impregnated cotton threads. Wetting of the thread was measured in millimeters under a dissecting microscope. Data are the mean Ϯ SEM from three independent experiments. (B) Lobules were incubated for 20 minutes each in normal KRB buffer (spontaneous), in depolarizing KRB (evoked) solution in which the concentration of KCl was increased to 75 mM, and in KRB containing phenylephrine (an ␣ 1D -adrenergic agonist; 10 Ϫ4 M). After incubation, the amount of peroxidase in the media and tissue homogenate was determined using reagent. Data are the mean Ϯ SEM from three independent experiments. *Statistically significant difference from spontaneous secretion. # Statistically significant difference from IL-1 ϩ vehicle.
